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Abstract Chondrocyte hypertrophy is a characteristic of
osteoarthritis and dominates bone growth. Intra- and
extracellular changes that are known to be induced by met-
abolically active hypertrophic chondrocytes are known to
contribute to hypertrophy. However, it is unknown to which
extent these mechanical conditions together can be held
responsible for the total magnitude of hypertrophy. The pres-
ent paper aims to provide a quantitative, mechanically sound
answer to that question. To address this aim requires a quan-
titative tool that captures the mechanical effects of colla-
gen and proteoglycans, allows temporal changes in tissue
composition, and can compute cell and tissue deformations.
These requirements are met in our numerical model that is
validated for articular cartilage mechanics, which we apply
to quantitatively explain a range of experimental observa-
tions related to hypertrophy. After validating the numerical
approach for studying hypertrophy, the model is applied to
evaluate the direct mechanical effects of axial tension and
compression on hypertrophy (Hueter-Volkmann principle)
and to explore why hypertrophy is reduced in case of par-
tially or fully compromised proteoglycan expression. Finally,
a mechanical explanation is provided for the observation that
chondrocytes do not hypertrophy when enzymatical collagen
degradation is prohibited (S1Pcko knock-out mouse model).
This paper shows that matrix turnover by metabolically active
chondrocytes, together with externally applied mechanical
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conditions, can explain quantitatively the volumetric change
of chondrocytes during hypertrophy. It provides a mechanis-
tic explanation for the observation that collagen degradation
results in chondrocyte hypertrophy, both under physiological
and pathological conditions.
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1 Introduction

Chondrocyte hypertrophy is one of the characteristics of
osteoarthritis (OA) (Kirsch et al. 2000; Tchetina et al. 2007;
van der Kraan et al. 2009), and therefore a potential thera-
peutic target. Also, various growth pathologies are associ-
ated with abnormal hypertrophy (Kuizon and Salusky 2004;
Wilkie 2005; Zuscik et al. 2002). During hypertrophy, col-
lagenase activity and cellular and matrix changes are known
to occur concurrently (Ortega et al. 2004; Tchetina et al.
2007). The intracellular volumes occupied by organelles and
cytoplasmic ground substance gradually increase (Buckwal-
ter et al. 1986), together with the osmotic pressure generated
by intracellular accumulation of organic osmolites (Farnum
et al. 2002). Although quantification of the effects of cellular
electro-chemo-mechanical properties has proven difficult, it
is apparent that this can only be partially responsible for the
tenfold volume change and four to five times increased cell
height during hypertrophy (Buckwalter et al. 1986; Hunziker
and Schenk 1989; Noonan et al. 1998; Wilsman et al. 1996).
Interestingly, to keep up with such increase in cell height,
the aligning extracellular matrix (ECM) needs to also stretch
to 400–500% its original length. Tissues would fail if they
were passively strained to such magnitudes. The mechanisms
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Fig. 1 Left Schematic of the change in cell shape and volume (dark cir-
cle) within the tissue over time. Middle Cell volume increases multiple-
fold in time. Right the matrix content (both proteoglycan and collagen)
that is associated with one cell increases over time. The change in matrix
volume is, however, smaller than the change in cell volume. Hence, the
ratio of cell volume over matrix volume increases during hypertrophy

behind the impressive increases in cell volume and tissue
elongation are yet unexplained. The biomechanical nature of
these phenomena warrants a thorough, quantitative evalua-
tion of mechanical principles underlying this mechanism.

Changes to the extracellular and intracellular constitution
are key to understand the biomechanics of hypertrophy. The
combined effect of changes in cell volume and matrix consti-
tution is that the volume occupied by cells over the volume of
ECM decreases from the early proliferative to the late hyper-
trophic zone. Yet, the total amount of matrix associated with
one hypertrophic cell increases, with values ranging from
50 to 1000% depending on species, age and growth plate
(Buckwalter et al. 1986; Farnum et al. 2002; Hunziker and
Schenk 1989; Wilsman et al. 1996) (Fig. 1). The fraction of
large proteoglycans per volume of matrix is largest around
hypertrophic cells (Maroudas et al. 1991), which is especially
interesting given that hyaluronan-mediated hydrostatic pres-
sure causes lacuna expansion (Gakunga et al. 2000). Active
proteoglycan metabolism in this area is illustrated by an
up-regulation of hyaluronidases, ADAMTS-5 (Sztrolovics
et al. 2002) and ADAMTS-9 (Kumagishi et al. 2008).

Hypertrophic cells show active collagen metabolism.
MMP’s are abundant in quantity and diversity around hyper-
trophic cells, while these cells continue synthesizing collagen
[review by (Ortega et al. 2004)]. Consequently, the fraction
of fibrillar collagen per volume of matrix from the upper pro-
liferative to the lower hypertrophic zones in both the pericel-
lular and interterritorial matrices increase in 4–5-month-old
miniature pigs (Noonan et al. 1998), but decrease in newborn
mice (Buckwalter et al. 1986). Collagen degradation in the
hypertrophic zone decreases collagen-II fraction in bovine
fetuses, associated with a loss of collagen network integrity,

while collagen-X content increases (Alini et al. 1992). This
has lead to the hypothesis that collagen turnover is an ulti-
mate prerequisite to enable hypertrophy. This thought is rein-
forced by the finding that chondrocytes do not hypertrophy
in S1Pcko knock-out mice, which are unable to enzymati-
cally degrade collagen-IIB, even though markers for hyper-
trophy such as collagen-X are normally expressed and the
Ihh-PTHrP pathway is unaffected (Patra et al. 2006a,b).

All of the above mentioned intracellular and extracellular
conditions are thought to contribute to chondrocyte hyper-
trophy. However, it is unknown whether these conditions
together can induce the amount of hypertrophy that occurs
in chondrocytes. The aim of the present study is to provide
a quantitative, mechanically sound answer to that question.
Also, it aims to provide a mechanistic explanation for the
relationship between hypertrophy and collagen turnover.

This requires a quantitative tool that captures the mechan-
ical behavior of collagen and proteoglycans, allows temporal
changes in tissue composition, and can compute cell and tis-
sue deformations. Therefore, we adapt our model for carti-
lage mechanics (Wilson et al. 2006b, 2007, 2005, 2004), such
that proteoglycan and collagen concentrations can change
with time, and we implement a description for collagen turn-
over. Input parameters are obtained from epiphyseal plate
studies, and unknown parameters are fitted to experimental
data. After corroborating model predictions with the litera-
ture, we alter selective parameters and compare predictions
with effects that are known to occur experimentally. These
include extended simulations to accommodate more extreme
terminal cell sizes (Hunziker 1994), application of axial ten-
sion or compression to corroborate the Hueter-Volkmann
principle, which says that bone growth in epiphyseal plates
is load-dependently reduced by compression and enhanced
by tension and is predominantly the results of changes in the
rate of hypertrophy and the ultimate size of hypertrophic cells
(Stokes 2002; Stokes et al. 2007, 2005), and simulations of
hypertrophy in case of partially or fully compromised pro-
teoglycan expression (Vanky et al. 2000). Finally, we explore
how mechanical conditions may be involved in the aforemen-
tioned S1Pcko knock-out mouse model in which cells do not
hypertrophy (Patra et al. 2006a,b).

2 Methods

2.1 Model description

We apply our model, originally developed to capture the
mechanical behavior of articular cartilage, to a single hyper-
trophying chondrocyte and its associated matrix. The com-
putational tool uses the finite element method and includes
mechanical effects of swelling pressure by charged pro-
teoglycans, as well as constraints against swelling by a
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Table 1 Properties used for cell, pericellular matrix (PCM), interterri-
torial matrix (ITM) and collagen fibers

Cell PCM ITM Fibers Equations

Mechanical parameters

Em (MPa) 0.0181 0.09032,3 0.9034 (4,5)

E f (MPa) 4.3165 (2)

k f (−) 16.855 (2)

cPG (meq/ml) 0.467b 0.616 0.616 (9)

Physiological parameters

dVcoll (µm3)a 0.0797 0.0597 (17)

dVPG (µm3)a 5.88e−3b 0.217 0.0657 (18)

nPG,0 (−) 0.3b 0.1727 0.1547 (19)

ncoll,0 (−) 0.1317 0.1487 (19)

a Added volumes during the terminal differentiation
b Quantities could not be derived from the literature and are fitted
1 Guilak et al. (2002), 2 Alexopoulos et al. (2003), 3 Guilak et al. (2005),
4 Radhakrishnan et al. (2004), 5 Wilson et al. (2006b), 6 Narmoneva
et al. (1999), 7 Noonan et al. (1998)

reinforcing network of collagen fibrils. The total tissue stress
(σtot) is given by (Wilson et al. 2006b, 2007, 2005, 2004)
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where µf is the water chemical potential, �π the osmotic
pressure gradient, I the unit tensor, ns,0 the initial solid vol-
ume (in the unloaded and non-swollen state), totf the total
number of fibers included, σ nf the stress in the non-fibril-
lar matrix, σ i

f the fibril stress, �ei
f the fibril direction, ρi

c the
volume fraction of the fibrils with respect to the total solid
volume, and i the number of the fiber compartment. The
fibrils are assumed to behave non-linear elastic in tension in
the fiber direction only, according to

σ i
f = Ef(e

kfε
i
f − 1) (2)

where Ef and kf are constants describing the material behav-
ior and εi

f the strain in the fiber direction. These constants,
as well as those in following equations (Table 1) have been
thoroughly validated in the past (Wilson et al. 2006b) and
were adopted by other groups (Saarakkala et al. 2010).

For the non-fibrillar matrix stiffness we use a compressible
neo-Hookean model, in which

σnf = Km
ln(J )

J
I + Gm

J

(
F · FT − J

2
3 I

)
, (3)

where J is the determinant of the deformation tensor F, and
bulk (Km) and shear moduli (Gm) are defined as

Km = Em

3 (1 − 2vm)
(4)

Gm = Em

2 (1 + vm)
, (5)

where Em is the Young’s modulus and νm the poisson’s ratio.
We assume that the osmotic swelling pressure (�π)

depends on the number of fixed charges in the proteogly-
cans per amount of extrafibrillar water (Wilson et al. 2007),
as given by

�π = �int RT
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where �α and γa represent the osmotic and activity coeffi-
cients, respectively, which were implemented before (Wilson
et al. 2006b) as proposed by Huyghe et al. (2003). R is the
gas constant, T the absolute temperature, cext the external
salt concentration and cF,exf the fixed charge density related
to the extrafibrillar fluid compartment, which is determined
as

cF,exf = cFnf

nexf
(7)

The extrafibrillar fluid fraction (nexf is defined based on
previous experimental work (Maroudas and Bannon 1981;
Maroudas et al. 1991; Urban and McMullin 1988). The
implementation was explained in our earlier work (Wilson
et al. 2006b, 2007).

The total fixed charge density (cF) is assumed to relate
linearly to the proteoglycan content in the tissue (nPG) via
constant cPG, using given known valencies and molecular
weights of chondroitin and keratin sulfate chains, and cal-
ibrated for the relative ratio at which these two proteogly-
can types would normally occur (Narmoneva et al. 1999). In
addition, as a consequence of mechanical loading or tissue
expansion, the amount of fixed charges per water volume
may change. To account for these effects, the fixed charge
density is defined as:

cF = cPGnPG

nf
(8)

The same equation is used to determine intracellular pres-
sure, by determining intracellular charges (cF) in negatively
charged intracellular proteins (nPG) (Guilak et al. 2002) using
a different value for constant cPG.

Because swelling properties are included, an initial equil-
ibration step is necessary during which the tissue swells until
swelling pressure reaches a mechanical equilibrium with the
tension in the strained non-fibrillar and fibrillar matrix. This
step starts at t=0, referred to as the initial condition. The
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end of this step is referred to as the equilibrium condition,
resembling the late proliferative zone. After equilibrium is
reached, hypertrophy and matrix synthesis are started.

2.2 Matrix synthesis

Extracellular amounts of collagen and non-fibrillar matrix
have been measured at different time points during chondro-
cyte differentiation in epiphyseal plates. These are converted
into values for synthesis per day by linear interpolation.
In homogenization approaches such as the one used here,
volume-fractions are used rather than actual volumes. The
sum of all fractions adds up to one. Hence, assuming all
solid matrix consists of collagen and non-fibrilar matrix, and
assuming the non-fibrillar matrix consists of proteoglycans,

nf + ns = nf + ncoll + nPG = 1 (9)

with n the fraction of the constituent and subscripts f, s,
coll and PG representing fluid, solid, collagen and proteogly-
cans. Depending on the source of the tissue, the matrix may
contain an amount of other proteins, which also have been
shown to contribute to the mechanical behavior of cartilage
(Williamson et al. 2001). We have not included this residual
fraction separately when we fitted material parameters in the
past (Wilson et al. 2007). Any contribution of this fraction is
accounted for in the description of the non-fibrillar matrix.
Hence, we assume that the total volume of the solid part of
the matrix (Vs) is occupied by collagen and proteoglycans,

Vs = Vcoll + VPG (10)

and the remaining volume is fluid

Vf = 1 − Vs (11)

Fractions of constituents can then be related to their respec-
tive volumes as:

nf = Vf/(Vf + Vs) (12)

ncoll = Vcoll/(Vf + Vs) (13)

nPG = VPG/(Vf + Vs) (14)

ns = Vs/(Vf + Vs) (15)

In this way it is possible to derive volume-fractions from
known volumes, but not vice versa. To enable using volumes
as well as volume-fractions requires the possibility to go both
ways. To accomplish that, a reference equilibrium volume
Veq for each element is to be defined. This is arbitrarily cho-
sen to equal the volume (J ) in the mechanical equilibrium
condition prior to hypertrophy.

Veq = J
(
ieq

)
(16)

where ieq represents time-step i at which equilibrium is
reached, but hypertrophy is not started. Throughout the

simulation, we keep track of the volumes of proteoglycans
and collagen.

Matrix synthesis is then prescribed by adding a volume of
collagen (dVcoll) and/or proteoglycans (dVPG) at each time-
step:

Vcoll,i = Vcoll,i−1 + dVcoll (17)

VPG,i = VPG,i−1 + dVPG (18)

To compute the effect of these changes on the structure, the
initial solid and fluid fractions as well as the initial fixed
charge density are updated using the current (t = i) and
initial (t = 0) solid volumes and the equilibrium volume:

ns,0 = (VPG,i + Vcoll,i )
∗Veq (19)

nf,0 = 1 − ns,0 (20)

cF,0 = cF
∗(nf,0 − 1 + J )/nf,0 (21)

By adding proteoglycans and/or collagen in this way, the
newly derived initial solid fraction has become higher on the
expense of the fluid fraction, while tissue volume does not
change. During subsequent equilibration, total tissue volume
increases as the fluid fraction is being restored. The increased
total volume in this new equilibrium represents tissue growth
due to matrix synthesis during this time-step.

2.3 Cell hypertrophy

To accommodate for changes in charged intracellular pro-
tein content during hypertrophy, the same equations as for
matrix swelling are used, with the subscript PG representing
intracellular proteins rather than extracellular proteoglycans.

2.4 Collagen turnover

Collagen turnover was rationalized into a continuum descrip-
tion as follows. Catalytic enzymes are assumed to cleave
a particular fraction of the collagen during a given time
period. Meanwhile, collagen synthesis is ongoing. It is then
assumed that newly formed collagen either self-assembles in
an unstrained state, or otherwise induces changes in collagen
fibrils, such that their strain is ameliorated.

To implement this in the model, the total collagen con-
tent is subdivided into a discrete number of compartments.
These are not physically meaningful; each compartment is a
continuum, they exist at the same location at the same time,
and together they represent all the collagen at that location.
Yet, the content of each compartment can independently turn
over. For example, if ten equal compartments were defined,
a change to one compartment represents a change to 10%
of the total collagen mass. If the total collagen content were
to increase 0.5%, then this could be obtained by an update
of 0.5% in each compartment, or 5% in one of them. The
rationale to have multiple compartments is that each of them
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could contain fibers of different age, i.e., fibers that exhibit
different levels of strain in a growing tissue. Initially, the
total collagen volume (Vcoll) is equally subdivided over all
defined compartments as

Vncoll = Vcoll/N (22)

in which N equals the total number of collagen compartments
and Vcoll is the volume of compartment ncoll. One compart-
ment is assumed to change per time-step. Hence, changes in
collagen volume (dVcoll in Eq. 17) in a particular time-step
are ascribed to one single compartment, changing Eq. 17 into

Vncoll,i = Vncoll,i−1 + dVcoll (23)

and the total collagen content in the solid equals

Vcoll =
N∑

ncoll=1

Vncoll (24)

Each time-step, changes are applied to a different compart-
ment.

To accommodate for the assumption that collagen assem-
bles under unstrained conditions, the length of the fibers in
the subjected collagen compartment Lncoll,0 are updated to
the length Lncoll at the time i at which they are synthesized:

Lncoll,0 = Lncoll,i . (25)

2.5 Input parameters

The parameter values describing the mechanical behavior
of the cell and its environment, and the biological parame-
ters characterizing the synthesis of proteoglycans and colla-
gen in the pericellular (PCM) and the interterritorial matrix
(ITM) are obtained from the literature (Table 1). The effective
hydrophilic property of intracellular proteins and the change
thereof with ongoing cell differentiation are estimated. The
time-scales relevant to matrix synthesis and hypertrophy are
days, while mechanical visco-elastic effects and fluid trans-
port occur over minutes. Also, the coupling between matrix
synthesis and hypertrophy is through mechanical effects:
enhanced solid content (proteoglycans and collagen) and
increased swelling pressure by proteoglycans. To capture the
biological processes, we therefore used time-steps equiva-
lent to 1 day periods, and visco-elastic effects are neglected.
Hence, we used non-linear elastic descriptions for both the
fibrillar and the non-fibrillar solid parts, and we kept hydro-
static pressure at 0 Pa, which means that the distribution and
flow of fluid are governed by the osmotic pressure but not by
hydrostatic pressure.

The constants Ef and kf characterizing collagen stiffness
are similar to values previously determined for collagen-II in
articular cartilage (Wilson et al. 2006b). Stiffness of the non-
fibrillar solid is chosen 0.90 MPa for the ITM, based on mea-
surements of matrix stiffness in the resting zone, early and

late hypertrophic zones of 0.57, 0.88 and 1.15 MPa, respec-
tively (Radhakrishnan et al. 2004). The PCM for articular
chondrocytes was determined 24 (Guilak et al. 2005) and
69 kPa (Alexopoulos et al. 2003), roughly an order of magni-
tude weaker than ITM. We therefore assumed PCM stiffness
around the early hypertrophic cell to be 10 times less than
the ITM stiffness.

The proteoglycan-rich non-fibrillar solid matrix is assumed
to be amorphous. The constant cPG relating proteoglycan
content to fixed charge density is 0.61 (Narmoneva et al.
1999). In the PCM, collagen does not show a predominant
orientation, while in the ITM the collagen is strongly aligned
with the direction of tissue growth (e.g., Hunziker 1994).
Accordingly, we assume an isotropic collagen structure in
the PCM and an organized collagen architecture in the ITM,
with fibrils aligned with the direction of growth.

Isolated chondrocytes in hypotonic solutions are weaker
than chondrocytes under physiological osmotic conditions
(Guilak et al. 2002). However, whether these properties apply
to in vivo conditions are unknown and reported values for the
stiffness of chondrocytes and other cells vary largely. Yet, it
is well accepted that cell stiffness is below PCM stiffness. We
used 20% PCM stiffness for the cell. The swelling constant
cPG is unknown for chondrocytes and therefore estimated.
The initial water content of a chondrocyte is assumed 70%.
Hence, initial nPG in the cell equals 0.3.

The base for the finite element simulations is a publication
by Noonan et al. (1998), which provides a complete dataset
describing chondrocyte differentiation. It contains electron
microscopy images of initial and late hypertrophic cell shapes
and quantitative measures for the volumes of the cells and
their associated PCM and ITM, as well as the collagen and
proteoglycan fractions in both PCM and ITM.

Based on these data, an axisymmetric finite element mesh
representing the initial cell (274 elements), its amorphous
PCM (132 elements) and its fibrous ITM (94 elements) is
derived (Fig. 2). Boundary conditions are chosen such that
they represent the conditions in Noonan et al. (1998). Assum-
ing that the tissue and cells in the immediate environment
behave identically, nodes in the lower plane of the mesh are
fixed in vertical direction, nodes along the vertical edges are
allowed to move in vertical direction only, and nodes in the
top plane are forced to remain horizontally aligned (Fig. 2b).

From the collagen and proteoglycan fractions in the early
and late hypertrophic zones (Noonan et al. 1998), the param-
eters dVPG and dVcoll (Eqs. 17, 18) are determined for both
PCM and ITM:

dVX,M = V LHZ
X,M − V EHZ

X,M

T
, with X ∈ {PG, coll}

and M ∈ {PCM, ITM} (26)

in which V LHZ and V EHZ represent the matrix volumes in the
late and early hypertrophic zones, respectively, and T equals
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Fig. 2 a Electron microscopy image of a cell from the transition area
between the proliferative and early hypertrophic zone of an epiphyseal
plate (modified from Noonan et al. 1998), overlaid with the geometry
of the initial cell (black), its PCM (light gray) and ITM (dark gray).

b The finite element mesh with the applied boundary conditions. The
ITM contains aligned fibers in the vertical direction, the PCM contains
collagen, but without preferred direction

the number of time-steps in the simulation. Hence, all input
parameters associated with the ECM are known. Parameters
dVPG and CPG for the cell, the only unknown input parame-
ters for this simulation, are determined as follows. Initially,
we choose the same values that we use for proteoglycans.
Then we determine cell size at the initial equilibrium, when
dVPG equals 0 by definition. At this stage we update CPG

to reach the appropriate cell size. Subsequently, we continue
the simulation to the end of hypertrophy and adjusted dVPG

such that cell size at the end of the simulation also matched
the experimental data. Then we linearly interpolated dVPG

over all increments. These values are kept constant in all
subsequent simulations.

2.6 Simulations

Cell hypertrophy is simulated by continuously running the
model between Eqs. 17 and 25, i.e., by repeatedly adding pro-
teoglycans and collagen, followed by equilibration. Geomet-
ric and volumetric data of cell, PCM and ITM are monitored
and qualitatively or quantitatively compared with literature
data.

First, simulations are performed as described above, with-
out additional boundary conditions. Subsequently, specific
conditions are simulated. First, to evaluate the performance
of the model with regard to the Hueter-Volkmann principle,
additional tensions of 0.1, 0.05,−0.05 and −0.1 MPa are
applied during hypertrophy. Second, the effect of proteogly-
can expression is evaluated by simulating hypertrophy when
proteoglycans expression fully compromised or reduced to
half the normal amount. Third, the effect of MMP’s on colla-
gen adaptation is evaluated by prohibiting collagen turnover.
All output is compared to relevant literature, further details
are provided in the results.

3 Results

With the given input parameters, and after iteratively updat-
ing the two unknown parameters that describe cell swelling

Fig. 3 Comparison between data by Noonan et al. (1998) and simu-
lations, for volumes of the cell and the PCM and ITM, separated out
into volume occupied by collagen fibers (‘coll’) and ground substance
(‘no coll’). The initial stage (left column) was prescribed into the model
(second column). Predicted volumetric changes (right column) concur
with the measured components in the late hypertrophic cell (third col-
umn). The associated electron microscopy images and the computed
geometries are shown below each column

(dVPG and CPG (Table 1)), the simulation matched qualita-
tively and quantitatively the hypertrophic process described
by Noonan et al. (1998), including volumes of cell, ITM
and PCM, and the collagenous and non-collagenous frac-
tions thereof (Fig. 3). This demonstrates that hypertrophy
can indeed result from mechanical changes in the matrix and
the cell.

To gain further confidence in the accuracy of model pre-
dictions, additional simulations are performed. First, the sim-
ulation is extended until the cell reaches 5 times its original
height, the size determined for terminal hypertrophic 35-day-
old rat proximal tibia chondrocytes. The fivefold increase in
cell height (from 7.6 to 38 µm) is accompanied by a total
ECM volume increase of 2.7 times (from 2,850 to 7,700 µm3

per cell) (Hunziker 1994). The proliferative zone cell size
in the 4–5- month-old miniature pigs that we used in our
model (Noonan et al. 1998) is smaller. Hence, 5.0 times cell
height increase in the model is from 5.6 to 28.1µm, with
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Fig. 4 Cell shapes in simulations and measurements (Hunziker 1994).
The initial cell shape used in the model, derived from 4- to 5-month-
old miniature pig tibia (Noonan et al. 1998), is relatively flat (a). The
geometry of early (b) and late hypertrophic (c) cells concur qualitatively
with the appearance of late proliferative (d) and terminally differenti-
ated cells (e) in 35-day-old rat tibia (d and e adapted from Hunziker
et al. (1994))

cell volume being 15 times that of the proliferative zone cell.
For qualitative comparison of cell shapes between simulation
and experiment (Hunziker 1994), hypertrophy was extended
such that the cell reached 38 µm (Fig. 4). Both in the sim-
ulation and the experimental data, ECM volume increased
2.7-fold from proliferative to hypertrophic. The simulation
predicts that PCM increases 3.0-fold, while ITM increases to
only 1.9 times its original volume. Unfortunately, this differ-
ence between ITM and PCM cannot be verified with exper-
imental data. Another study documented that a chondrocyte
with tenfold increased volume will have gained four times its
original cell height (Hunziker and Schenk 1989), which is in
agreement with the prediction that a cell that volume reaches
3.6-fold the original cell height.

Modulation of bone growth by external compression
or tension (Hueter-Volkmann principle) is known to affect
hypertrophy. In simulations, additional tensions of 0.1, 0.05,

−0.05 and−0.1 MPa are applied in the direction of growth, to
enable comparison with experimental studies (Robling et al.
2001; Stokes et al. 2006, 2007). Ultimate chondrocyte height,
representative for bone growth rate (Wilsman et al. 1996),
correlates with applied tension. Compression (8.2% reduc-
tion of cell height at −0.1 MPa loading) is predicted to be
slightly less effective than tension (12.2% enhanced growth
at +0.1 MPa loading) in modulating hypertrophy with the
default parameter set. This concurs with averaged changes
in hypertrophic cell size between rat, calve and rabbit versus
sham-operated animals, which show lowered final cell size
during 0.1 MPa compression by 5% (tibia) or 7% (vertebra)
and enlarged sizes during 0.1 MPa tension by 15% (tibia) or
8% (vertebra) (Stokes 2002; Stokes et al. 2005). In another

study, continuous 0.1 MPa compression reduced final chon-
drocyte size in rat tibiae 7% and in vertebrae 12% (Stokes
2002; Stokes et al. 2005). Upon increasing the turnover rate
of collagen, hypertrophy is faster and ultimate chondrocyte
height increases. The latter two are known to correlate (Breur
et al. 1991; Hunziker and Schenk 1989; Hunziker et al. 1987;
Kuhn et al. 1996), but this has so far not been studied in
relation with collagen turnover rate. Another interesting but
unverifiable model prediction is that at higher collagen turn-
over rates, hypertrophy becomes more susceptible to external
loading.

When proteoglycan expression is fully compromised or
reduced to half the normal amount, ultimate cell height
decreases by 3% (partially compromised) or 7% (fully com-
promised), while nearest axial distance between two hyper-
trophic cells decreases by 22% (partially compromised) or
41% (fully compromised) and cell-to-cell-center distance
changed 5% (partially compromised) or 9% (fully compro-
mised). Although experimentally observed cell height reduc-
tions under these conditions exceed our predictions, Gakunga
et al. (2000) and Vanky et al. (2000) also show reduced hyper-
trophy when hyaluronan is absent (∼20%), reduced (∼18%),
or not well retained in the tissue (∼10%).

Finally, when collagen turnover by MMP’s is prohibited,
simulated by omitting Eq. 25, yet leaving all other parameters
unchanged, cells slightly increase volume but do not hyper-
trophy. The intercellular space narrows, even though ECM
continues to be expressed, a picture that concurs with the
histological appearance of the hypertrophic zone in S1Pcho
mice, which cannot enzymatically degrade collagen-II (Patra
et al. 2006a,b) (Fig. 5). Unfortunately, thorough quantita-
tive comparison is not possible for the lack of experimental
data. However, the model predicts that cell and tissue strive
to grow, but growth is prohibited by stress in the collagen
fibers, which raises to eightfold the stress in the simulation
with normal collagen remodeling. Concurrently, intracellular
pressure doubles, and extracellular pressure rises threefold.

4 Discussion

This study contains three parts. The first part shows that
reported changes in tissue constitution, when translated into
mechanical effects, induce cell hypertrophy. Noteworthy, cell
volume, fibrillar and non-fibrillar matrix volumes in both per-
icellular and extracellular area, match exactly between exper-
imental observations and simulations. The only unknown
parameter that was fitted to obtain this match was intracel-
lular charged protein content. With that, we show for the
first time that it is possible to capture hypertrophy in a fully
sound mechanical evaluation. In the second part, we gain
further confidence in this mechanical approach. We show
that extended hypertrophy results in a cell shape and matrix
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Fig. 5 Midsaggittal section
through the proximal tibia of an
E14.5 wild-type (a) and S1Pcko
(b) mouse, with inserts in the
early proliferative and
hypertrophic zones representing
the chondrocyte shape as
predicted in simulations
(Simulations: red ITM, green
PCM, blue chondrocyte.
Histology: Saffranin-O/Fast
Green/Hematoxilin staining.
The image was kindly provided
by dr D. Patra and prof
L.J. Sandell

characteristics similar to those described in other species.
Also, we show that the Hueter-Volkmann principle can be a
direct result of mechanical conditions, rather than an effect
that requires differential active cell responses. In addition,
concentration-dependent effects of partially or fully compro-
mised hyaluronan expression by cells corroborate well, qual-
itatively. In the last part of the study, we evaluate the S1Pcko
knockout mouse model from a mechanical perspective. This
mouse cannot degrade collagen-II, contains chondrocytes
that appear pressurized, but are unable to hypertrophy even
though they express all markers known to induce hypertro-
phy. We explain this by showing that if collagen turnover
is compromised, the tension that develops in the collagen
network increases dramatically and is sufficient to withstand
cell growth.

One asset of this study is that all simulations are per-
formed with the same mechanical parameters, which are
mostly derived from one descriptive study (Noonan et al.
1998). These parameters are subsequently applied to evalu-
ate various pathophysiological conditions. Simulations cor-
roborate experimental data surprisingly well, even though
these involve different species, ages and joints. To appro-
priately compare quantitative effects between experiments
sometimes requires normalizing the effects. We prefer this
approach over adjusting numerical parameters per case,
because it shows the general applicability of the mechani-
cal principles that are considered.

Cell swelling is modeled using a Donnan equilibrium anal-
ysis, instead of adopting a mechanism of cell swelling due
to partitioning of membrane-impermeant osmolytes. Regard-
less of the mechanism behind accumulation of ion concen-
tration, the net effect is cell swelling. We fit the two unknown
cellular parameters dVPG and cPG, for cell swelling (Table 1).

This results in apparent intracellular fixed charge densities
between 0.1 and 0.2 meq/ml, depending on the level of cell
maturation. These values are within the previously reported
range (Julkunen et al. 2009; Lai et al. 2002; Likhitpanichkul
et al. 2005).

In simulations with compromised collagen turnover,
intracellular fixed charge density increased to 0.6 meq/ml.
Whether or not this occurs inside the cells of S1Pcko mice
is unknown and challenging to determine. However, if such
high pressures would arise, they would likely be detrimental
to the cell. Indeed, S1Pcko mice show severe intracellu-
lar changes, exemplified by severely disrupted endoplasmic
reticulum and a pathological fat-metabolism (Patra et al.
2007). However, causality remains speculative.

The implementation of collagen turnover requires further
evaluation. First, several collagen fiber departments were
defined and these were assumed to turnover sequentially.
Hence, it was assumed that older fibers would be more
susceptible to damage than younger ones. Although this
is a simplification of a complex mechanism, the assump-
tion may hold to some extent. The likelihood of enzy-
matic collagen degradation is minimal at 4–5% fibril strain
(Huang and Yannas 1977), or at around 3 pN per collagen
monomer (Ruberti and Hallab 2005). During hypertrophy,
the tissue elongates and the strain in the collagen fibers
increases beyond the protective strain level, making older
fibers more susceptible to degradation. Second, turnover is
approached as a mechanism where old collagen fibers are
degraded and replaced by new, unstrained ones. An alterna-
tive explanation is that fibrils partly turn over and adjust to
the level of strain they experience by increasing the num-
ber of serial monomers, theoretically resulting in a longer
fibril under unloaded conditions. Such mechanism is likely
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to keep stresses in growing soft tissues low (Foolen et al.
2009). The present simulations are indifferent to the exact
mechanism of collagen adaptation. The only premise is that
fibers experiencing excessive mechanical strain are replaced
by unstrained fibers. Third, collagen fibers are assumed to
assemble in the direction of tissue elongation in the ITM,
while there is no clear anisotropic organization in the PCM.
This is a feasible assumption, given the orientation of fibers
visible in EM images of growth plates (Hunziker 1994;
Noonan et al. 1998) and the alignment with growth observed
in other embryonic soft tissue (Foolen et al. 2008). Also, col-
lagen orientation in cartilage is known to align with the direc-
tion of principal strain (Wilson et al. 2006a), which equals
the direction of growth.

In conclusion, it is shown that hypertrophy can be
the result of a mechanical interplay between intracellular
pressure induced by the cell, tissue pressures induced by
proteoglycans, and collagen turnover. The latter turns out
to be critical for hypertrophy. Although differential active
metabolic responses by chondrocytes in response to perturba-
tions cannot be excluded, this paper shows that the mechan-
ical conditions alone can explain a variety of experimentally
observed effects. Availability of quantitative data has been
critical to develop and validate our model and to reach these
conclusions. Therefore, most data have been derived from
hypertrophy in the epiphyseal plate, which has been exten-
sively studied. However, the mechanical principles that we
exposed are general. We therefore expect the present work
to be applicable to hypertrophying chondrocytes in osteoar-
thritic cartilage as well.

Open Access This article is distributed under the terms of the Creative
Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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